Chitinase B (ChiB) from Serratia marcescens is a family 18 exochitinase whose catalytic domain has a TIM-barrel fold with a tunnel-shaped active site. We have solved structures of three ChiB complexes that reveal details of substrate binding, substrateassisted catalysis, and product displacement. The structure of an inactive ChiB mutant (E144Q) complexed with a pentameric substrate (binding in subsites ؊2 to ؉3) shows closure of the ''roof'' of the active site tunnel. It also shows that the sugar in the ؊1 position is distorted to a boat conformation, thus providing structural evidence in support of a previously proposed catalytic mechanism. The structures of the active enzyme complexed to allosamidin (an analogue of a proposed reaction intermediate) and of the active enzyme soaked with pentameric substrate show events after cleavage of the glycosidic bond. The latter structure shows reopening of the roof of the active site tunnel and enzyme-assisted product displacement in the ؉1 and ؉2 sites, allowing a water molecule to approach the reaction center. Catalysis is accompanied by correlated structural changes in the core of the TIM barrel that involve conserved polar residues whose functions were hitherto unknown. These changes simultaneously contribute to stabilization of the reaction intermediate and alternation of the pKa of the catalytic acid during the catalytic cycle.
C
hitinases hydrolyze chitin, a linear polymer of ␤-(1,4)-linked N-acetylglucosamine (NAG), which is an abundant biopolymer. These enzymes are essential to chitin-containing organisms (fungi, insects, crustaceans) and are used by several bacteria to exploit chitin as a source of energy. Chitinase inhibitors have generated a lot of interest given their potential as insecticides (1) , fungicides (2, 3) , and antimalarials (4, 5) . Biotechnological exploitation of chitinases, as well as design of inhibitors with sufficiently high selectivity and affinity, requires detailed knowledge of the catalytic mechanism and enzyme-substrate interactions.
Most nonplant chitinases belong to glycosidase family 18 (6) and degrade chitin with retention of the stereochemistry at the anomeric carbon (7) (8) (9) (10) . The reaction is thought to be initiated by distortion of the Ϫ1 sugar ring and protonation of the glycosidic oxygen by a protonated acidic residue. The subsequent nucleophilic attack differs from classical reaction mechanisms of retaining enzymes such as lysozyme (11) and amylases (12) in that it involves the N-acetyl group of the Ϫ1 sugar, rather than a carboxylate side chain on the protein (8, 9, 13, 14) . Thus, the first step of chitinolysis results in cleavage of the sugar chain and formation of an oxazolinium ion intermediate, and hydrolysis of this ion completes the reaction (9, 15) (Fig. 1) .
Although the current model for the catalytic mechanism is well established, the amount of structural evidence in its support is limited (8) . Important elements of the proposed mechanism were inferred from modeling studies and structures of glycosidases that do not belong to family 18 (9, 15, 16) . Furthermore, the model does not account for the roles of several highly conserved residues in family 18 chitinases that are known to be important for catalytic activity (17) (18) (19) . Substrate binding in the Ϫ subsites has been studied in hevamine, a family 18 endochitinase with an open active site architecture (8, 20) . However, little is known about substrate binding (and product displacement) in exo-chitinases with complex, tunnel-like active site clefts, such as chitinase B (ChiB) from Serratia marcescens (21) . We have addressed these issues by solving and studying the crystal structures of several ChiB complexes. ChiB is an exochitinase that degrades chitin chains from the nonreducing end by cleaving off NAG 2 or NAG 3 (21, 22) . In addition to a catalytic domain with a TIM-barrel fold, ChiB contains a chitin-binding domain that can interact with the reducing end of substrates that extend beyond subsites in the active-site cleft (21) .
Methods
ChiB mutants were made by using the QuickChange sitedirected mutagenesis kit from Stratagene. The DNA sequences of mutated gene fragments were checked by using an ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit and an ABI PRISM 377 DNA Sequencer (Perkin-Elmer Applied Biosystems), and mutant genes were cloned and overexpressed in Escherichia coli as described (22) . Catalytic activities were determined by using previously described assays with 4-methylumbelliferyl-␤-D-N,NЈ-diacetylchitobioside (4MU-NAG 2 ; an analogue of the natural substrate NAG 3 ) (22) . ChiB variants were purified, characterized, and crystallized as described (21, 22) . Crystals (grown at pH 7) of the inactivated mutant Glu-144-Gln (EQ) were cryoprotected through addition of 20% (vol͞vol) glycerol, soaked with 25-fold molar excess of NAG 5 (EQ_NAG5), and frozen in a nitrogen stream. An identical procedure was followed for wild type (WT), which was soaked in 25-fold excess allosamidin (WT_ALLO). A cryotrapped reaction intermediate (WT_RX) was obtained by soaking a relatively small WT crystal (approximately 0.1 ϫ 0.1 ϫ 0.1 mm, grown at pH 5.6) in 10% (vol͞vol) ethylene glycol together with a 25-fold molar excess of NAG 5 for 30 min, followed by freezing in a nitrogen stream.
Diffraction data (Table 1) were collected at the European Synchrotron Radiation Facility, Grenoble, on beamline ID14-1 (EQ and EQ_NAG5) and at Deutsches Elektronen Synchrotron, Hamburg, on beamlines X11 (WT_ALLO) and X31 (WT_RX). Structures were refined with CNS (23) with different sets of reflections for R free by using the published WT ChiB structure (21) as a template after simulated annealing runs at 2,500 K to remove bias (Table 1) . Model building was performed with O (24) . Moieties bound to the active site were not included in the model until they could be clearly identified in unbiased F o Ϫ F c maps (see Fig. 2 ). The chitin pentamer in EQ_NAG5, allosa-midin in WT_ALLO, and the dimer bound to the ϩ subsites in WT_RX were built early on in the refinement. Well-ordered density in the Ϫ1 subsite in WT_RX appeared during the later stages of refinement (4-9.5 peaks). Although the density might be compatible with the structure of an oxazolinium ion intermediate (see Fig. 4 ), we felt the density was not completely unambiguous and we decided not to refine a model of this putative intermediate. For all structures, some differences were found between the two independent monomers in the asymmetric unit. In the interest of simplicity, differences between the structures described here are discussed by using the same monomer consistently. All images were generated by using BOBSCRIPT (25) and RASTER3D (26) .
Results and Discussion
We have solved four crystal structures of a family 18 exochitinase from S. marcescens (ChiB, Fig. 2 ), that approximate different substates along the reaction pathway (Fig. 1) . They are referred to as EQ (a 4,000-fold less active mutant in which the catalytic acid Glu-144 is replaced by Gln), EQ_NAG5 (E144Q complexed with an N-acetylglucosamine pentamer), WT_ALLO (WT complexed with allosamidin, an inhibitor resembling the putative reaction intermediate; refs. 1, 8, and 9), and WT_RX (a structure solved from a flash-frozen crystal soaked in a solution containing NAG 5 ).
The structure of EQ ( Fig. 2 ) was refined to 1.7-Å resolution. It represents the highest resolution ChiB structure currently determined and at the same time provides a proper reference frame for interpretation of the EQ_NAG5 structure. The E144Q mutation does not introduce significant changes in the active site or in the overall structure compared with the WT apoenzyme structure published previously (21) (rms deviation on catalytic core C␣s ϭ 0.27 Å). Values between brackets are for the highest resolution shell. Crystals were of space group P212121, and were cryo-cooled to 100 K. All measured data were included in structure refinement.
EQ_NAG5 was refined to 2.25-Å resolution and represents the first structure of a chitin oligomer spanning the catalytic site of a multidomain chitinase. NAG 5 binding (in subsites Ϫ2 to ϩ 3) results in a number of conformational changes (Fig. 2) . Residue 144, whose position is unchanged, lies 3.2 Å from the scissile glycosidic oxygen. Residue Asp-142 rotates Ϫ114 o around 1 such that it no longer interacts with Asp-140, but points with its O␦1 toward the O1 of residue 144 and with O␦2 toward the hydrogen on the acetamido group of the Ϫ1 sugar. Other interactions between the protein and the Ϫ1 sugar include hydrogen bonds with Tyr-214 and Asp-215 and hydrophobic contacts with Trp-403. The sugar is in the boat conformation (Fig. 2) , providing direct structural evidence for the distortion that was predicted on the basis of a family 20 glycosidase structure (9) and theoretical studies (15) . Our EQ_NAG5 structure shows that the N-acetyl group is fixed in a conformation in which its oxygen is positioned only 3.0 Å from the anomeric carbon (C1) (Figs. 1 and 2) . Consequently, the glycosidic oxygen, i.e., the leaving group, is oriented close to colinear (172 o ) with the anomeric carbon and the N-acetyl oxygen, which is a favorable alignment for nucleophilic attack on C1 (see ref. 27 for an example of such a distortion in another type of glycosidase).
The rotation of Asp-142 upon substrate binding is important not only for stabilizing the developing positive charge of the intermediate oxazolinium ion, but also for donating a proton to and thus lowering the pKa of Glu-144 (Fig. 1) . In both the WT (21) and the EQ structure an ordered water molecule is observed at hydrogen-bonding distance of the solvent-exposed Glu-144. Upon substrate binding, water molecules are displaced from the active site and Glu-144 is likely to be protonated (9, 15) . Rotation of the protonated Asp-142 stabilizes a deprotonated Glu-144 and thus promotes protonation of the glycosidic oxygen by the latter (Fig. 1) . Most interestingly, the change in the Asp-142 conformation is accompanied by structural changes deeper in the core of the TIM barrel that compensate for the loss of the hydrogen bond between Asp-140 and Asp-142 ( Figs. 1 and 2 ). Tyr-10 (and the backbone from residues 9-29) shifts by up to 2 Å, placing its phenolic hydroxyl group at 2.6 Å from Asp-140-O␦2. As a result, the water molecule originally hydrogen-bonded to Asp-140 is replaced by a more acidic hydrogen bond donor (Fig. 2) . In addition, the side chain of Ser-93 moves toward Asp-140, strengthening the hydrogen bond between the two residues and filling the void resulting from the Asp-142 conformational change. These observations shed light on the roles of Tyr-10, Ser-93, and Asp-140, which are conserved in family 18 chitinases but whose functions were hitherto not well understood. The main function of Asp-140 is probably to raise the pKa of Asp-142, whereas Ser-93 and Tyr-10 contribute to catalysis by stabilizing Asp-140 while Asp-142 is in the up position. The importance of Asp-142 in catalysis is further illustrated by the results of mutagenesis studies (B.S., S.G., J. E. Nielsen, D.M.F.v.A., G. Vriend, and V.G.H.E., unpublished data), which show that the basic arm of the pH activity profile of ChiB is not determined by deprotonation of the catalytic acid (E144Q has an unchanged pH activity profile) but rather by deprotonation of Asp-142 (the D142N mutation makes catalysis independent of pH in the experimentally accessible pH range) (Fig. 3B) . To confirm the proposed roles of Ser-93 and Tyr-10, we constructed the Y10F and S93A mutants, which indeed both displayed a reduction in activity (Fig. 3B) . Interestingly, the pH activity profile of the S93A mutant is similar to that of D142N (Fig. 3B) , supporting the notion that the catalytic role of the proton on Asp-142 is coupled to the presence of Ser-93. Replacing Tyr-10 by phenylalanine yielded a similar decrease in activity as for the S93A mutant (Fig.  3B , the basic arm of the pH activity profile for Y10F could not be determined because of enzyme instability).
Binding of substrate induces several other conformational changes that result in favorable protein-substrate interactions. Trp-97 and Trp-220 move 1.0 Å toward each other, creating a hydrophobic sandwich with the sugars at the ϩ1 and ϩ2 positions (Figs. 2 and 3) . Asp-316 rotates 152 o around 1 , leading to formation of a hydrogen bond with Trp-97 on the opposite side of the substrate. Together, these movements lead to partial closure of the roof of the active site tunnel (Fig. 3) . Another notable change is the rotation of Ϫ91 o around Phe-190 1 , which results in a hydrophobic interaction with the sugar at ϩ3 (Figs.  2 and 3 ). These phenomena of induced fit and loop closure upon substrate binding are not uncommon in glycosidases acting on other polymeric substrates such as, for example, cellulose (28) (29) (30) . It is further worth noting that although the NAG 5 substrate Fig. 2 . Structures of the ChiB complexes. The EQ, EQ_NAG5, WT_ALLO, and WT_RX structures are shown as stereo images in the sequence as they would occur along the reaction coordinate (see also Fig. 1 ). In the stereo images, side chains (carbons in black) interacting with the sugars are shown as sticks, together with relevant stretches of backbone (gray). The sugars are drawn in a stick model with green carbons. Water molecules discussed in the text are shown as blue spheres. Unbiased F o Ϫ Fc maps (i.e., before inclusion of any ligand atom) are contoured at 2.25 [magenta, except for the uninterpreted density at Ϫ1 in WT_RX (yellow)]. Hydrogen bonds discussed in the text are drawn as dotted lines. Labels identify amino acid side chains in EQ, and the sugars bound to subsites Ϫ2 to ϩ3 in EQ_NAG5. van 
Å).
Allosamidin is a natural pseudotrisaccharide inhibitor of family 18 chitinases (1, 31) and binds to subsites Ϫ3 to Ϫ1 in our 2.5-Å structure (Fig. 2) and in a complex with hevamine (8) . The unit binding in subsite Ϫ1 is the pseudosugar allosamizoline that resembles the proposed oxazolinium ion intermediate in ChiB formed after nucleophilic attack of the N-acetyl group of the Ϫ1 sugar on the anomeric carbon (8) (Fig. 1) . Binding of allosamidin to WT ChiB results in similar structural changes as binding of NAG 5 to the E144Q mutant ( Fig. 2) : Asp-142 is in the up position and interacts with the positive charge in the oxazolinium ion, whereas Asp-140 is compensated for the loss of the interaction with Asp-142 by structural adjustments of Tyr-10 and Ser-93. A notable difference between EQ_NAG5 and WT_ALLO is the appearance of a well-ordered water molecule (B factor 19.4 Å 2 ) at 3.3 Å from the C1 carbon in the allosamizoline ring. This water molecule is coordinated by interactions with Glu-144-O1 (2.6 Å) and two water molecules (3.2͞2.7 Å), which themselves are tightly bound in the active site (not shown in Fig. 2 ). We note that the same water molecule is present in the structure of the hevamine-allosamidin complex (8) (PDB entry 1LLO), although this has not been discussed previously (the water molecules in the ChiB-allosamidin and hevamineallosamidin complexes are within 0.5 Å from each other after superposition of the oxazoline moieties). The water molecule in WT_ALLO has approximately the same location as the glycosidic oxygen in EQ_NAG5. If an oxazolinium ion intermediate would bind at a position equivalent to the allosamizoline moiety of allosamidin, the attacking group (the water molecule) and the leaving group (the O7 oxygen) would lie on opposite sides of the atom corresponding to the C1 anomeric carbon, at an angle of Ϸ135 o . Such an arrangement would result in hydrolysis of the oxazolinium ion with overall retention of stereochemistry at the C1 carbon.
Our structure represents an example of allosamidin bound in a ''tunnel'' exo-chitinase, where more side chains interact with the inhibitor than in the endochitinase hevamine, which has a more open architecture (8) (Fig. 3) . The affinity of allosamidin for tunnel-like chitinases is an order of magnitude higher than for hevamine (32) , and it is thus essential to evaluate the structural determinants of the interaction of an enzyme like ChiB with this potent natural inhibitor. It is worth noting that allosamidin itself was recently shown to be a candidate for a malaria transmission blocker, where it acts on a presumably tunnel-like chitinase homologous to ChiB (4). The structure of allosamidin bound to an exo-chitinase is a useful starting point for structural evaluation of the many allosamidin derivatives that have been developed for chitinase inhibition (e.g., refs. 33 and 34) . An evaluation of these compounds in the context of the WT_ALLO structure could provide new leads for structurebased design of inhibitors against chitinases from human pathogens with a ChiB-like active site architecture (3) (4) (5) 35) .
The WT_RX structure, collected from NAG 5 -soaked, flashfrozen crystals and refined to 2.0-Å resolution, appears to represent a view of the WT enzyme during hydrolysis of a natural substrate, NAG 5 . The F o Ϫ F c electron density map calculated before inclusion of any ligand atom, initially revealed two of the five possible sugar rings [ Fig. 2 ; note that cleavage of NAG 5 yields NAG 2 and NAG 3 and that ChiB further degrades the latter to NAG 2 and NAG (22) , thus NAG 1, 2,3, 5 oligomers may occur in the crystals]. Additional strong density (4-9.5 peaks) visible in the Ϫ1 subsite in an unbiased F o Ϫ F c map showed good overlap with the position for the allosamizoline group in the WT_ALLO structure (Fig. 4) . This density could represent an intermediate during hydrolysis of NAG 3 initially bound in subsites Ϫ1 to ϩ 2. The density in the Ϫ1 subsite is ambiguous (Figs.  2 and 4 ), but the notion that this density represents carbohydrate is supported by the conformation of Asp-142, which is Ϸ50% in the down position (pointing toward Asp-140) position and 50% in the up position (pointing toward Glu-144) (Fig. 2) . In all family 18 chitinase apo-structures presently available, and also in our high-resolution EQ structure (Fig. 2) , Asp-142 points down toward Asp-140 to form a hydrogen bond (3, 20, 21, 36) . In all presently known chitinase complex structures, however, Asp-142 is pointing up toward Glu-144 and the N-acetyl group as observed in the EQ_NAG5 and WT_ALLO structures described here ( Fig. 2; ref. 8 , and D.M.F.v.A., G. Kolstad, D.K., and V.G.H.E., unpublished work). Thus, the fact that Asp-142 is partially in the up position in the WT_RX structure agrees with a carbohydrate moiety (partially) occupying the Ϫ1 position.
The EQ_NAG5 structure shows that there is no room for a catalytic water molecule near the anomeric carbon as long as the ϩ1 subsite is occupied by a sugar residue (Fig. 2) . Thus, after the initial catalytic step leading to formation of the oxazolinium ion, one would expect a rearrangement of the chitin chain on the reducing (ϩ) end of cleaved glycosidic bond. Such a rearrangement is indeed observed in WT_RX: the structure shows a well-ordered NAG dimer (average B factor 23.5 Å 2 ), presumably a product of chitinolysis (Fig. 1) , that is shifted by up to 4.0 Å and tilted compared with the pentamer in EQ_NAG5, such that the two sugars occupy positions in between ϩ1͞ϩ2 and ϩ2͞ϩ3, respectively (Fig. 2) . The enzyme seems to contribute actively to the displacement, in particular through interactions between the sugar and Asp-316 in one of the two flexible loops that make up the roof in the active site tunnel (Fig. 2) . Comparison of WT_RX with EQ_NAG5 (Fig. 2) shows that the side chain of Asp-316 has rotated 126 o around 1 , thus breaking its interaction with Trp-97, and forming a new hydrogen bond with O3 on the ϩ1 sugar. As a result, the ''closure'' of the active site cleft that occurs upon substrate binding (compare EQ with EQ_NAG5; Fig. 2 ; see above) is reversed and the ϩ1 sugar is tilted away from the ϩ1 subsite (see WT_RX; Fig. 2) .
The WT_RX structure reveals a well-ordered water molecule (B factor 21.0 Å 2 ) at a similar position as the water molecule close to C1 in the WT_ALLO structure (Figs. 2 and 4) . In an oxazolinium ion reaction intermediate, the anomeric carbon is positively polarized due to the electron withdrawing effect of the oxazolinium ring. As discussed above, the position of this water molecule, which is polarized by Glu-144 and fixed by two other water-mediated hydrogen bonds to the protein, favors nucleophilic attack on the anomeric carbon C1, with overall retention of ␤-anomeric stereochemistry (Fig. 1) .
Concluding Remarks
The present structures provide insight in binding and displacement of substrates and products in the tunnel-like active site of a two-domain exo-chitinase. They also provide structural evidence for and deeper insight into the catalytic mechanism. We provide structural evidence for the hypothesis that substrate binding leads to distortion of the sugar and show that the distorted conformation is closer to a boat than to e.g. a 4-sofa (9, 15), thus optimizing conditions for nucleophilic attack by the N-acetyl oxygen. The structures also show how larger parts of the enzyme function together both in relation to interactions with the sugars and in relation to catalysis. The data reveal that residues in the core of the catalytic TIM barrel (Tyr-10, Ser-93, Asp-140) are conserved in most family 18 chitinases because they participate in a system for dispersion of charge and displacement of protons during catalysis.
